Thermal convection driven by the kinetic undercooling of solidification can produce compositional and textural variations in an initially uniform lava flow that is cooled predominantly from above. We show that such kinetic undercooling is sufficient to drive convection at high Rayleigh numbers even in shallow lava lakes. We then employ a theoretical model that includes the effects of convection at high Rayleigh number to make predictions of the complete evolution of the lava. We show that predictions of the rate of growth of solid crust at the surface of the lake do not differ much from predictions made by ignoring effects due to convection. However, convective motions do shorten the time for complete solidification because, when they are driven by kinetic undercooling, there is internal crystallization in addition to that occurring near the cooled upper boundary of the lava. This important effect, which is absent from purely conductive models, predicts stratification and zonation of the lava, in agreement with field observations. We also examine the effect of taking into account the heat transfer to the country rock below the lava lake, and determine how the evolution of the lava lake varies with the viscosity of the lava.
INTRODUCTION
A recent study of the crystallization of magma chambers cooled from above [Worster et al., 1990 ] has shown how thermal convection, coupled with the non-equilibrium kinetics of crystallization, can cause zonation of the mineral constituents and preferential crystal accumulation at the chamber floor. In this paper we show that the kinetic undercooling adjacent to the solidification front is sufficient to drive convection with moderate to large values of the Rayleigh number in lava lakes. The driving physical process is the solidification of minerals at the top of the lava lake caused by cooling through its upper boundary with overlying air or seawater. We suppose that heat transfer to the air or water is sufficiently efficient to maintain the upper boundary at a fixed temperature. The growth of crystals in the upper margin is accounted for by a detailed model of partially solidified zones (mushy layers) that has been well tested against laboratory experiments.
Kinetic undercooling at the interface of the mushy region with the fluid lava below leads to thermal Rayleigh numbers that are sufficient in most cases to drive thermal convection throughout the lava. This causes the lava to become undercooled in its interior, which allows further crystallization to take place remote from the cooled upper boundary in the interior or at the floor of the lava lake. It is this internal crystallization and the accompanying sedimentation and/or compositional convection that can cause differentiation within the lava. A lava lake is cooled strongly at its upper surface, which is in contact with air or water, and less strongly at its base by conduction through the underlying country rock. We begin by ignoring any heat transfer through the base in order to focus attention on consequences that are solely in response to cooling at the roof. We then determine the enhancement of Copyright 1993 by the American Geophysical Union.
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In most of our calculations we use physical parameters that correspond to mixtures of diopside and anorthite, primarily because this is a simple system for which all the relevant parameters are known. However, this is a somewhat lowviscosity silicate system compared to common magma types, so we include in this study an investigation of the effects of increasing the viscosity of the melt. We compare the results with previous theoretical models of lava lakes and with observations of the cooling and differentiation of Hawaiian lava lakes.
A MODEL LAVA LAKE
We imagine that lava has rather quickly filled a depression on the surface of the earth to form a lake, which we suppose to have an initially uniform composition Co and temperature To. The lava begins to cool at its base by conduction into the country rock and at its roof by convective heat transfer to the air or water (if it is a submarine flow) above it. We shall assume that the boundary of the lava with the overlying air or water is maintained at a fixed temperature Tb and that the temperature of the country rock far beneath the flow is also Tb. Few lava flows are superheated when they are erupted, and Turner et al. [1986] have shown that, in any case, convection in a magma cooled from above quickly removes any initial superheat that might exist. Lava lakes on Hawaii contain some phenocrysts on formation [Wright et al., 1976] and are probably undercooled as a result of degassing during their eruption. In addition, considerable convective foundering of cooled crust takes place before a stable solid crust has formed. For simplicity, however, we assume herein that the lava is initially at its liquidus temperature To -Toe(Co).
We assume that the lateral dimensions of the lake are much greater than its depth and study the one-dimensional problem illustrated in Figure 1 . As heat is extracted from the upper margin of a lava lake, a solid crust of composite solid is formed. Below this crust, where the temperature is greater than the solidus temperature, a mushy layer can form comprising a connected matrix of crystals and interstitial melt. The interface between the mushy layer and the molten lava beneath it has a temperature T• that is approximately equal to but slightly below the equilibrium freezing temperature Toe(C) of the molten lava. It is this temperature difference that drives convection in our model and causes the region of molten lava to become undercooled. We assume that any internal crystallization that occurs in response to this undercooling either takes place at the bottom of the lake or forms suspended crystals that eventually settle to the floor. Additional cooling and crystallization may take place at the floor in response to the conduction of heat to the country rock below. Initially we shall ignore the heat transfer at the floor entirely in order to focus attention upon phenomena that occur solely in response to the cooling at the roof. We also ignore other effects, such as degassing, which may have significant influence on the behavior of real lava lakes [Wright et al., 1976; Wright and Okamura, 1977; Helz, 1987] . We discuss later how these other effects might modify the behavior of lava lakes.
The dominant thermal balance governing the growth of the crust and mushy layer is between conduction to the upper boundary and the latent heat that must be removed in order to effect the change of phase from liquid to solid. A straightforward scaling analysis based on this balance, without consideration of convective effects, gives the depth of crust and mushy layer as 
where H is the total depth of the lake. When a melt is cooled and crystallized, there is usually a temperature gradient set up in the melt ahead of the solidification front, as measured, for example, by Huppert and Worster [1985] and by Tait and Jaupart [1992] . When the cooling takes place at an upper boundary of the melt, this temperature gradient can cause convection in the melt [ Turner et al., 1986; Kerr et al., 1990a] . In these former studies the temperature gradient was a consequence of the melt being superheated and the phase boundary being at the equilibrium fleezing temperature. In the case being studied here, in contrast, the temperature gradient is a result of the difference between the equilbrium temperature of the melt and the un- [1990] are that here we hold the temperature at the top of the lava lake fixed, rather than having a decaying temperature profile in the country rock above a magma chamber. We again restrict our attention to lavas having compositions in the Di-An system, since it is for such lavas that we have the most comprehensive data on physical properties, including the The model presented so far is identical to that of Worster et al. [1990] except that here the top of the lava lake is held at a fixed temperature, whereas in the earlier model, relevant to the solidification of a magma chamber, heat was conducted through the country rock above the chamber.
RESULTS
We begin by showing the results of calculations for a lava lake 30 m deep consisting of pure diopside. It is assumed to have been formed at its liquidus temperature of 1392øC, and the temperature of its upper surface is held constant at 0øC. Table 2 were used. The melt layer initially had uniform composition Dis0An20 and temperature equal to its liquidus temperature 1352øC, in each case. In a binary system such as the one studied here, there are two solidifying regions near the cooled boundary. Closest to the boundary there is a completely solid region comprising a composite of crystals of both end members of the binary system. In this region the temperature is below the eutectic temperature of the system. Below the solid region is a mushy layer in which crystals of one component (here diopside) are bathed in interstitial melt. We assume that the crystals are firmly attached to the crustal roof of the lava lake. In previous studies of melting in magma chambers [Huppert and Sparks, 1988 ] the crystals were implicitly assumed to be freely suspended and could therefore take part in convection. We note here that in such a case the dependence of the viscosity of the lava on both the temperature and the local crystal fraction should be taken into account, as described, for example, by Davaille [1991] . It can then be argued [daupart and Parsons, 1985 ] that only the lower edge of this mushy region forms a mobile slurry which convects along with the underlying melt. In the present study, we consider a case in which none of the mushy region is mobile.
The temperature difference across the thermal boundary layer below the mushy layer is then quite small so that variations in viscosity need not be considered. Figure 4 shows that the mushy region is relatively thin compared with the composite solid region, which is due to the fact that the difference between the liquidus temperature of the melt and the eutectic temperature is small relative to the difference between the eutectic temperature and the tempera- The physical parameters are the density p, the specific heat Cp, the conductivity k, the thermal expansion coefficient a, the acceleration due to gravity g, the coefficient q, in the relationship for the convective heat flux, and the kinetic coefficient 6. The dynamic viscosity p, used in the determination of the kinetic growth law, and the kinematic viscosity of the melt u are given as functions of the temperature of the melt T, expressed in degrees Celcius. The subscripts a refer to properties of anorthite, • to the properties of diopside, I to those of the liquid melt, and r to those of the country rock. ture of the cooled upper boundary. The compositional profiles in Figure 4 show that the roof sequence has decreasing concentration of the primary solidifying phase (diopside) with depth. In deeper lava lakes (Figures 4b and 4c) Figure 6a illustrates the typical evolution of the interior temperature of the lava TL and the corresponding temperature Ti at the interface between the molten lava and the mushy layer. Despite the fact that the temperature difference Tr -Ti, which drives the convection in the lava, is only a few degrees centigrade, the associated Rayleigh number remains large throughout most of the solidification history, as shown in Figure 6b . The rapid decrease in the Rayleigh number near the end of its evolution is due primarily to the shrinking depth of the molten portion of the lava.
HEAT Loss THROUGH THE FLOOR
We see from (10) that in the model analyzed so far, crystals grow internally solely in response to the convective heat transfer FT to the upper surface of the lava lake. All the latent heat must ultimately be transferred by conduction through the upper crust of the lake to the air or water above the lake. It is clear that the rate of internal crystallization will be enhanced if some of this latent heat is transferred to the country rock beneath the lake. We can take this into account by solving the thermal diffusion equation in the country rock and floor layer. In this case it is necessary to assume that any crystals that form in suspension settle to the floor of the lake rapidly With this shortcoming in mind we can nonetheless gain some feeling for the significance of additional cooling to the country rock using the present model. The country rock is assumed to be initially at 0øC. Once the lava has formed a lake above the country rock, the latter begins to warm up as heat is transferred from the lava. [1990] for the cooling •)f a magma chamber that is insulated at its base.
THE EFFECT OF VISCOSITY
The diopside-anorthite system has a viscosity lower than that of common lava types. For example, basaltic lavas typically have viscosities 10 to 30 times larger. In order to gain some feeling for the importance of the viscosity of the melt in determining the evolution of the solidifying lake, we made some calculations using all the parameter values of the Di- [Peck, 1978] .
Our calculations show that models including convection will not be easily distinguishable from purely conductive models using data on crustal growth rates only.
Observations on the Makaopuhi lava lake support convective behavior in the interior and can be compared with the predictions of our model. During the first 8 to 9 m of crustal growth, over a period of about 7 months, the composition of the growing crust remained constant and olivine phenocrysts were retained [Wright and Okamura, 1977] . Temperature increases with depth in the lava below the boundary between melt and crust, which was defined by Wright and Okamura as the 1065øC isotherm at about 55% crystallinity. They in- The S-shaped profile can partly be explained by settling of olivine phenocrysts originally suspended in the lake [Marsh, 1988] . However, the evolved character of the lava at about 60 to 70 m height also requires significant internal cooling and differentiation. The most rapid changes in composition occur in the center as predicted. Table 2 (apart from the kinematic viscesity v, which was taken to be 30 times greater, as appropriate for basalts).
An important issue in

